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We previously demonstrated that the epidermal-specific glycosylphosphatidylinositol (GPI)-anchor-deﬁcient mice,
generated by Pig-a gene disruption (Pig-a null mice), exhibited wrinkled and dry skin with hyperkeratosis and
abnormal differentiation, and they died within a few days after birth. Here, we investigated the basis for the early
demise of these animals, and the potential role of epidermal structural and biochemical abnormalities. The rapid
demise of these animals was associated with both diminished epidermal permeability barrier function and de-
creased stratum corneum (SC) water content. The barrier abnormality could be attributed abnormal internal
contents of lamellar bodies, with a downstream failure to generate normal extracellular lamellar bilayers in the
SC. Moreover, processing proﬁlaggrin to its monomeric form was impaired in Pig-a null mouse epidermis, while
levels of the differentiation-specific proteins, involucrin, loricrin and proﬁlaggrin were normal. Failure of ﬁlaggrin
processing was accompanied by decreased activity of protein phosphatase 2A, an enzyme involved in proﬁlaggrin
to ﬁlaggrin processing. Thus, these studies demonstrate a critical role for GPI anchor and GPI-anchored proteins in
divergent arms of epidermal terminal differentiation. While the permeability barrier abnormality can be attributed to
defects in the lamellar body secretory system, the hydration abnormality is, in part, due to lack of availability of
ﬁlaggrin-derived proteolytic products. Finally, since the dual abnormalities in the lamellar body secretory system
and ﬁlaggrin processing resemble two key features of human Harlequin ichthyosis, Pig-a null mice could provide
an appropriate analog for further studies of this disease.
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A large number of eukaryotic membrane proteins are mod-
ified covalently by a glycosylphosphatidylinositol (GPI) moi-
ety that serves as a membrane anchor. These GPI-anchored
proteins exhibit diverse functions, including enzymes, cell
adhesion molecules, cell surface antigens, and membrane-
bound receptors (Kinoshita et al, 1995). In humans, a so-
matic mutation in hematopoietic stem cells of the X-linked
Pig-a gene causes paroxysmal nocturnal hemoglobinuria, a
hemolytic disease, due to deficiency of the GPI-anchored
protein, CD 59 (Kinoshita et al, 1995).
GPI anchor synthesis is a multistep process involving a
series of gene products. All of the genes involved in GPI
anchor biosynthesis are autosomal except Pig-a, which
instead is located on the X chromosome (Kinoshita et al,
1997). Lack of the Pig-a gene, which encodes a class A
phosphatidylinositol glycan, causes a variety of down-
stream deficiencies in the GPI anchor and in GPI-anchored
proteins (Watanabe et al, 1998). To investigate whether GPI
anchor and GPI-anchored proteins are important in the ep-
idermis, we generated a strain of epidermal-specific, Pig-
a-gene-deficient mice (Pig-a null mice), utilizing a Cre-loxP
recombinant system (Tarutani et al, 1997; Gao et al, 2002).
The skin of affected Pig-a null mice was wrinkled and dry,
exhibiting prominent hyperkeratosis but no epidermal hype-
rplasia, and they died within a few days after birth. Although
these studies demonstrated that GPI anchor and GPI-an-
chored proteins must be critical for epidermal structure and
function, the basis for the early demise of the Pig-a-defi-
cient animals remained unknown.
The permeability barrier, which is required for life in a
terrestrial environment, relies largely upon a lipid-enriched
matrix localized within the extracellular domains of the outer
layers of the epidermis, the stratum corneum (SC). A com-
petent barrier requires organization of this hydrophobic
matrix into mature lamellar membranes, which are formed
from lipid contents secreted from epidermal lamellar bodies
(LB) (Elias and Menon, 1991). LB appear first in the stratum
spinosum layer, and their numbers increase in the stratum
granulosum (SG) layer of the epidermis. In the outermost SG
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layer, LB migrate to the apical cytosol, where they fuse with
the plasma membrane, releasing their contents into the
extracellular domains at the SG–SC interface, immediately
prior to cornification (Elias et al, 1998). Cornified envelopes
(CE), which consist of several cross-linked proteins; e.g.,
involucrin and loricrin, impart mechanical and chemical
resistance to the corneocyte, as well as a scaffold for the
organization of secreted LB contents into extracellular la-
mellar membranes.
By linking adjacent keratin filaments, processed filaggrin
also becomes a CE constituent, at least in the lower SC
(Steven and Steinert, 1994). Several proteases and phos-
phatases, including a protein phosphatase of the phospha-
tase 2A family, are believed to partake in profilaggrin to
profilaggrin processing (Kam et al, 1993; Pearton et al,
2001). Filaggrin is a hydrophilic and cationic protein that
aids both in the initial aggregation of keratin filaments within
the corneocyte cytosol, and in attachment to keratin fila-
ments to the CE (Ishida-Yamamoto et al, 1999). Higher in
the SC, filaggrin is hydrolyzed to its constituent amino acids
by an aspartate proteinase (Horikoshi et al, 1999), and fur-
ther deiminated to products that together comprise much of
the natural humectants of the SC (Rawlings et al, 1994).
Harlequin ichthyosis (HI) is a severe dermatological, au-
tosomal recessive disorder (Dale et al, 1990; Stewart et al,
2001), with affected infants often dying within days-to-
weeks of birth, apparently due to massive hyperkeratosis
and/or a severe barrier abnormality (Dale and Kam, 1993).
HI epidermis shows (1) absence or paucity of LB, (2) ab-
normal (decreased-to-absent) extracellular lamellar mem-
branes structures, and (3) massive hyperkeratosis of the
SC. Although the gene(s) that is (are) responsible for HI has
(have) not yet been identified, HI has been divided into three
subtypes (I–III), based in part on the status of profilaggrin
and filaggrin processing (Dale et al, 1990). A defect of con-
version from profilaggrin to filaggrin has reported in HI types
I and II (Dale and Kam, 1993), while profilaggrin is lacking in
HI type III. In addition, decreased protein phosphatase 2A
(PP2A) activity is associated with HI type II (Kam et al,
1997). A relationship between HI pathogenesis and GPI-
anchored protein(s) has not yet been reported.
To investigate the role of GPI anchor and GPI-anchored
proteins in epidermal function, we further analyzed epider-
mal-specific Pig-a null mice. We demonstrate: first, severe
abnormalities of epidermal permeability barrier function;
second, abnormal structure of both LB internal contents
and their resultant extracellular membrane lamellae; and
third, defects in the processing of profilaggrin to filaggrin,
associated with a reduced PP2A activity. These studies
show that GPI anchor and GPI-anchored proteins influence
key epidermal functions, including epidermal permeability
barrier, as well as SC hydration. Since the abnormalities in
Pig-a null mice resemble key features of human HI, this
model might allow new insights into the pathogenic mech-
anisms operative in HI.
Results
Impaired barrier function and reduced SC hydration in
Pig-a null mice To determine whether GPI anchor and GPI-
anchored proteins affect one or more critical epidermal
functions, we first examined the epidermal permeability
barrier function(s) and SC hydration. Transepidermal water
loss (TEWL) across Pig-a null mouse skin explants were
compared to rates for comparable samples from wild-type
littermates (control) using a gravimetric technique (Nolte
et al, 1993). As shown in Fig 1A, TEWL values were mark-
edly higher in the Pig-a null mice than in wild-type control
(5.0-fold increase; po0.01). Despite increased rates of wa-
ter loss, high-frequency, skin-surface conductance, repre-
sentative of SC water content, was significantly lower in
Pig-a null mice than in control mice (po0.01) (Fig 1B). Thus,
two key epidermal functions: (1) epidermal permeability
barrier function and (2) SC hydration, are compromised in
epidermal-specific Pig-a null mice.
Abnormalities in lamellar body secretory system ac-
count for barrier abnormality To investigate the basis
for the increased TEWL in the Pig-a null mice, we next per-
formed an ultrastructural analysis of the outer epidermis by
electron microscopy, utilizing both osmium tetroxide (OsO4)
and ruthenium tetroxide (RuO4) post-fixed tissue samples
(Fig 2). While normal extracellular lamellar structures were
present in the SC of wild-type mice (Fig 2B), lamellar mem-
brane structures in Pig-a null mouse SC were shortened,
distorted, and replaced by incompletely processed, LB-de-
rived materials (Fig 2A). Moreover, most of the LBs in the SG
layer of Pig-a null epidermis also displayed abnormalities
in size and/or internal contents, indicating an abnormality in
LB formation, although the overall numbers of LB (¼den-
ensity) appeared to be normal in Pig-a null mice (Fig 2C). In
contrast, the structure of corneocytes, including the corni-
fied envelope (CE), appeared normal in Pig-a null mouse SC
(Fig 2A). Together, these findings suggest that the perme-
ability barrier abnormality in Pig-a null mice results from
defects in LB structure/contents, which in turn result in ex-
tracellular abnormalities in lamellar membrane structures.
Defective proﬁlaggrin-to-ﬁlaggrin processing accounts
for abnormal SC hydration Since our prior study demon-
strated hyperkeratosis in the Pig-a null mice (Tarutani et al,
1997), we next investigated whether alterations in either the
levels of keratinocyte differentiation protein markers or their
Figure 1
Increased transepidermal water loss
(TEWL) and reduced skin conductance
in Pig-a null mice. (A) TEWL in dorsal skin
of wild-type and Pig-a null mice at 6–8 h af-
ter birth (mean  SE, four mice per group);
po0.01. (B) High-frequency superficial skin
surface conductance in dorsal skin of wild-
type and Pig-a null mice at 6–8 h after birth
(mean  SE, four mice per group); po0.01.
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breakdown products could also contribute to the functional
abnormalities in these animals. Western blot analysis re-
vealed that the levels of profilaggrin, filaggrin dimer (Fig 3A),
involucrin (Fig 3B) and loricrin (Fig 3C) were not altered in
the Pig-a null versus normal control mice. The Pig-a null
epidermis, however, exhibited a virtual absence of filaggrin
monomer (Fig 3A).
To determine whether the lack of filaggrin monomer in
the Pig-a null mice reflects defective processing of profi-
laggrin to filaggrin or increased degradation of filaggrin to
free amino acids, we next analyzed levels of free amino
acids in the SC. Total free amino acid content was signif-
icantly reduced in the Pig-a null mice (2.9  0.5 vs 18.5 
1.9 nmol per nmol, po0.001). The distribution of amino
acids was also altered in Pig-a null mouse SC in comparison
to normal control mice (data not shown). Specially, the
levels of arginine, glycine, histidine, and serine, which
are the major components of filaggrin, were selectively
decreased in Pig-a null mouse SC (data not shown). More-
over, a high correlation was found between the amino acid
composition of wild type SC and that of murine filaggrin
(Genebank accession #A31488) (r¼ 0.99, po0.01) (Fig 4A),
while the same correlation between Pig-a null mice and
murine filaggrin were low (r¼0.56) (Fig 4B). In contrast, the
composition of defective amino acids (i.e., the amino acid
content of wild-type minus Pig-a null for each) correlated
highly with the amino acid composition of normal murine
filaggrin (r¼0.92, po0.01) (Fig 4C). Together, these results
suggest that the lack of filaggrin monomer reflects a failure
to generate downstream products of filaggrin, rather than
increased rates of profilaggrin degradation.
Finally, we investigated whether the decrease in filaggrin
monomer reflects defective processing (dephosphorylation)
of profilaggrin to filaggrin by the responsible phosphatase.
Specifically, we compared to the activity and protein levels
of the phosphatase, PP2A, which is known to dephos-
phorylate profilaggrin (Kam et al, 1993). PP2A activity was
estimated as okadaic acid-sensitive PP activity, which has
been shown repeatedly to correspond closely with PP2A
activity (e.g., Kam et al, 1997). As shown in Fig 5A, PP2A
activity was significantly lower in Pig-a null than that in
wild-type epidermis, while conversely levels of PP2Ac, a
catalytic subunit of PP2A (Kam et al, 1997), were not dif-
ferent in Pig-a null vs. wild-type mice (Fig 5B). Together,
these results show that the PP2A-mediated processing of
profilaggrin to filaggrin monomer is impaired in Pig-a null
mouse epidermis.
Discussion
We previously demonstrated that epidermal-specific elim-
ination of GPI anchor and GPI-anchored proteins in Pig-a
null mice, results in early demise and an abnormal skin
phenotype with shiny wrinkled skin and hyperkeratosis (Tar-
utani et al, 1997). We investigated further here the function-
al, structural and biochemical basis for these findings. Pig-a
null mice displayed abnormalities in two key epidermal
functions: first, a severely compromised epidermal perme-
ability barrier that is likely to account for the premature
death of these mice. Extracellular lipid-enriched lamellar
membranes in the SC interspaces are responsible for ep-
idermal permeability barrier function. These lipids and their
precursors are packaged in epidermal LB in the SG, and
then secreted into extracellular domains during the transi-
tion from the SG to the SC (Elias and Menon, 1991). We
show here that the barrier abnormality, in turn, could be
explained by profound abnormalities in the LB secretory
system, which include defects in organelle assembly and
post-secretory processing of secreted LB contents. Our
studies did not, however, address which specific protein(s)
of organellegenesis, secretion and/or lipid processing is/are
Figure2
Defect of SC lipid lamellar and numerous
abnormal lamellar bodies in SG in Pig-a
null mice. Lipid lamellar membrane struc-
tures examined by electron microscopy
with RuO4 postfixation (A, Pig-a null mice;
B, wild-type mice). Scale bars¼0.1 mm.
d¼desmosome. (C) Stratum granulosum
(SG) in Pig-a null examined by electron
microscopy with OsO4 postfixation. Arrow-
heads point to abnormal LB in which lamel-
lar tructures were not clear; (inset) normal
lamellar body of wild-type littermate. Scale
bars¼ 0.5 mm, inset¼0.1 mm.
Figure 3
Defect of filaggrin monomer in Pig-a null mice. Each lane contains
an equal amount (10 mg) of epidermal extracts from Pig-a null (/) and
wild-type (þ /þ ) littermate. Filaggrin (A), involucrin (B) and loricrin (C)
proteins were detected by Western immunoblotting as described under
Methods. Presented is a representative immunoblot of four separate
experiments. (A). Arrows indicate filaggrin monomer and dimer. (B) Ar-
row: involucrin. (C) Arrow: loricrin.
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defective. Nevertheless, our results strongly suggest that a
primary abnormality of the LB secretory system produces
the barrier abnormality that is responsible for the premature
death of Pig-a null mice. We also identified an abnormality in
SC hydration that could also contribute to the disease pheno-
type. The hydration abnormality is, in part, due to the failure
to generate filaggrin monomer, which further results in the
downstream depletion of humectant amino acids and their
deiminated products (Rawlings et al, 1994) in Pig-a null SC.
We therefore sought additional or alternative pathological
mechanisms to explain the altered hydration status in Pig-a
epidermis. Profilaggrin, a high molecular weight, oligomeric
protein (4400 kDa), is synthesized in the SG cell layer of the
epidermis, where it localizes with in F-type keratohyalin
granules (Presland et al, 2000). During terminal differentia-
tion, profilaggrin is processed to filaggrin dimer, which is
followed by further dephosphorylation of filaggrin by PP2A,
along with site-specific proteolysis yielding the filaggrin
monomer (Presland et al, 1997). The observed decrease in
PP2A activity correlates with, and likely explains, the lack of
filaggrin monomer in the Pig-a null mouse epidermis. Yet,
despite decreased enzyme activity, PP2A protein levels re-
mained normal in Pig-a null mouse epidermis.
Our results suggest further that GPI anchor and GPI-
anchored proteins could be linked to the human disorder
of cornification, HI, which bears clinical, structural, and
biochemical resemblance to the skin phenotype of pig-a null
mice (Table I). HI is a severe, autosomal recessive skin dis-
order (Dale et al, 1990; Stewart et al, 2001), whose genetic
defect still remains unidentified. The most distinctive met-
abolic features of human HI are a paucity of LB and defec-
tive filaggrin, both of which are dominant features of the Pig-
a null mouse. The defective processing of profilaggrin to
filaggrin monomer has been demonstrated in HI types I and
II (Dale et al, 1990), which also was evident in Pig-a null
epidermis. Moreover, as in the Pig-a null mouse, decreased
PP2A activity, but not PP2Ac protein levels, are found in HI
type II keratinocytes (Kam et al, 1997).
An ‘‘HI-like mouse’’ has also been identified as a spon-
taneous mutation at Jackson Laboratory (Sundberg et al,
1997). Although the prominent hyperkeratosis in these mice
more clearly resembles human HI, recent studies have re-
vealed the abnormality as due to mutations in cystatin M/E,
a serine protease inhibitor (Zeeuwen et al, 2002). Moreover,
the LB secretory system is normal in these mice; and fur-
thermore, recent studies exclude cystatin M/E mutations in
HI patients (Zeeuwen et al, 2003). Not only do these ‘‘HI
mice’’ display normal membrane and internal contents of
LB,2 there is no evidence of aberrant filaggrin processing.3
On the other hand, the Pig-a null mouse reveals close
Figure 4
Correlation of SC free amino acid (FAA) composition. The defective free amino acid contents were obtained subtracting free amino acid content
of Pig-a null from that of wild-type and then converting to amino acid composition (Pig-a null defected FFA: %). The composition in mFG (%) is the
amino acid profile of murine filaggrin (Genebank accession #A31488). (A) Wild-type versus mFG; (B) Pig-a null versus mFG ; (C) Pig-a null defected
FFA versus mFG.
Figure 5
Reduced PP2A activity in Pig-a null mice.
(A) Protein phosphatase (PP) activity in ep-
idermis of Pig-a null and wild-type mice. PP
activity was calculated from the rate of de-
phosphorylation of a radioactive substrate
as c.p.m. per minute permicrogram pro-
tein in the presence and absence of OA
(1 mM), a potent inhibitor of PP2A but not
PP1 (mean  SE, five mice per group);
po0.05. po0.01. (B) PP2Ac, catalytic
subunit of PP2A, proteins were detected by
western immunoblotting as described un-
der Materials and Methods. Equal protein
(10 mg) were loaded in a lane. A represent-
ative immunoblot from three separate ex-
periments is performed.
2Elias PM, Crumrine D, Sunberg JA: Unpublished observations.
3Hara M, Endo Y, Inoue S: Unpublished results.
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physiological, structural, and biochemical similarities to HI.
Interestingly, Pig-a is an X-linked gene, while HI is an
autosomal recessive disease. Therefore it is not likely that
Pig-a mutation alone accounts for HI. Our results, however,
suggest that another gene(s) involved in GPI-anchor bio-
synthesis, or a GPI-anchored protein, might be defective in
HI. For example, GPI anchor or GPI-anchored protein(s)
might be critical for cornification, such that alterations
would affect both LB biosynthesis/secretion and filaggrin
processing, as seen in both Pig-a-deficient mice and HI
patients (type I and II). These results suggest that the Pig-a
null mouse might be an appropriate model for future studies
on the etiology and pathogenesis of HI.
In summary, our results indicate that GPI anchor and
GPI-anchored proteins appear to be important both for the
development of a normal permeability barrier, and for the
processing of profilaggrin to filaggrin monomers. Finally, our
results show that defects of the GPI anchor and GPI-an-
chored proteins in the epidermis result in a HI-like disease
with hyperkeratosis, abnormal both lamellar body secretory
system and filaggrin processing, providing the first evidence
that such defects could be etiological/pathogenic features
of the human disorder.
Materials and Methods
Mice The generation of epidermal-specific GPI-anchor deficient
mice through Pig-a gene disruption has been described previously
(Tarutani et al, 1997). Newborn Pig-a null (/) mice were com-
pared to wild-type (þ /þ ) littermates. Genotypes were confirmed
by PCR and Southern blot analysis (Tarutani et al, 1997). All animal
experiments were approved by the Animal research Committee of
Kanebo Basic Research laboratory in accordance with the National
Research Council Guide (National Research Council, 1996).
TEWL and skin conductance TEWL was measured gravimetri-
cally from samples taken 6–8 h after birth, as described previously
(Nolte et al, 1993). Briefly, skin explants (1.8 cm2) were placed
dermis-side down onto parafilm squares, then the lateral edges
were sealed with petrolatum in order to prevent water loss from
areas other than the epidermal surface. The skin samples were
then weighed hourly at ambient temperature and humidity
(25  21C, 50%–55%) over a period of 6 h. SC hydration (water
content) was measured by high-frequency surface electrical con-
ductance using a Skicon-200 (IBS, Hamamatsu, Japan).
Electron microscopy Skin samples obtained 36 h after birth were
minced to o0.5 mm3, fixed in modified Karnovsky’s fixative over-
night, and post-fixed in either 1.5% aqueous OsO4 containing
1.5% potassium ferrocyanide, or in 0.2% RuO4 in 0.1 M sodium
cacodylate buffer, as previously described (Holleran et al, 1997).
Ultrathin sections were examined by an electron microscope (Zeiss
10A, Carl Zeiss, Thornwood, New York) operated at 60 kV, with or
without further contrasting with lead citrate.
Immunoblotting Immunoblotting was performed as described
previously (Sakai et al, 2003) using polyclonal antibodies to mouse
filaggrin (AF 111, BabCo, Berkeley, California), involucrin (BabCo)
and loricrin (AF 62, BabCo), and monoclonal antibodies to keratin 6
(LHK6B, NeoMarkers, Fremont, California) and PP2Ac (Upstate
Biotechnology, Lake Placid, New York).
Assay of protein phosphatase activities Epidermal sheets were
separated from the dermis by incubation in PBS solution contain-
ing 10 mM EDTA at 371C for 60 min, and homogenized as pre-
viously described (Kam et al, 1997). Protein phosphatase (PP)
assay was performed as previously described (Kam et al, 1997).
Phosphorylated glycogen phophorylase (Phos A) was prepared
from purified glycogen phosphorylase (Phos B, Sigma, St Louis,
Missouri) and [32P]-g-ATP (Amersham, Piscataway, New Jersey,
110 GBq per mmol) by incubation with phosphorylase kinase and
used as the substrate for the PP kinetic assay. PP activity was
calculated as radioactivity (c.p.m.) from the dephosphorylation of
the substrate per minute per microgram of protein. Okadaic acid
(OA), a potent PP inhibitor of PP2A rather than PP1, was added to
the assay mixture, and then the reaction was started by adding
substrate. Protein was determined using the Bio-Rad DC protein
assay kit (Bio-Rad Laboratories, Hercules, California).
Free amino acid content SC samples were removed from the
skin by tape stripping and incubated in 10 mM HCl to extract the
water-soluble fractions. Amino acids were analyzed using a Hitachi
Amino Acid Analyzer L-8800 as described previously (Sakai et al,
2003). The total amino acid content derived from the SC proteins
was assayed as described previously (Sakai et al, 2000). The free
amino acid content per total amino acid content from the SC pro-
teins (nmol/nmol) was calculated as described previously (Sakai
et al, 2000).
Statistics Statistical significance was assessed using SAS anal-
ysis system (SAS Institute Japan, Tokyo, Japan).
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